In cotton breeding programs, it is necessary to identify genotypes with predictable behavior on the length of fibers, and which are responsive to environmental variations, in specific or broad conditions. The aim of this study was to employ the methodology of mixed models for simultaneous selection of cotton genotypes with greater length of fibers, adaptability and stability. It was evaluated 36 lines in three trials located in Apodi (2013 and 2014 ) and Santa Helena (2013 CNPA 2012-55, CNPA 2012-58, CNPA 2012-62 and CNPA 2012 can be grown in all tested environments, since they gather greater length of fibers, stability and adaptability.
INTRODUCTION
Upland cotton (Gossypium hirsutum L.r. latifolium Hutch.) produces one of the most important textile fiber of the world, and offers various utility products with great relevance in the Brazilian and the world's economy (Carvalho et al. 2015a , Menezes et al. 2015 , Morello et al. 2015 . However, changes in spinning technology, competition with synthetic fibers, and the globalization of cotton production and textile products increase the demand for higher quality fiber, making the length of fiber one of the main traits to be improved (Smith et al. 2008 , Carvalho et al. 2016 .
Genotype x environment interaction (G x E) is one of the greatest challenges in plant breeding, both in the selection procedures and in the recommendation of cultivars, and plant breeders usually look for stable genotypes with improved performance in relation to a particular trait (Ramalho et al. 2012 , Cruz et al. 2014 . Studies on G x E interaction in cotton are scarce in Brazil, and in total, these studies evaluate fiber yield, not the length (Suinaga et al. 2006 , Souza et al. 2006 , Silva Filho et al. 2008 , Farias et al. 2016 .
Thus, adaptability and phenotypic stability analysis are necessary, by which it is possible to identify genotypes with predictable behavior on the length of fibers, and which are responsive to environmental variations, in specific or broad conditions (Farias et al. 2016b) . Therefore, selection methods that incorporate stability and adaptability in a single statistics can be considered superior, when compared with those which use only yield as selection criteria (Resende 2007 ).
The analysis carried out by the method of mixed models was proposed to perennial crops, such as pine (Resende et al. 1996) , and its application has been spread in the analysis of information on several crops, both perennial and annual. REML (Restricted Maximum Likelihood) estimates variance components required by the model, and BLUP (Best Linear Unbiased Prediction) estimates the genotypic value (Resende 2007) .
The use of mixed models allows ranking the genotypes taking into consideration, simultaneously, their genetic values (estimated trait) and stability . The lower the standard deviation of genotypic behavior across sites, the greater is the harmonic mean of their genotypic values (HMGV) across sites. Thus, selection by the greatest HMGV values implies simultaneously in the selection for the evaluated trait and stability. In terms of adaptability, a statistics used in the context of mixed models refers to the relative performance of genotypic values (RPGV) across the environments. In this case, the predicted genotypic values (or the original data) are expressed as a proportion of overall mean of each location, and then, the mean value of this proportion across sites is obtained (Carbonell et al. 2007 , Resende 2007 ).
The simultaneous selection of cotton genotypes with greater length of fibers, stability and adaptability, under the approach of mixed models, can be accomplished by the method of the harmonic mean of the relative performance of genetic values (HMRPGV) predicted. Carbonell et al. (2007) report the main advantages of this method: to provide estimates of adaptability and genotypic stability, whose breeding values are penalized by instability; to generate results in their own magnitude or scale of the evaluated trait, facilitating the recommendation of genotypes; to analyze unbalanced and not orthogonal designs; to analyze heterogeneous variances; to allow errors correlated within sites.
Thus, HMGV, RPGV and HMRPGV have been used as measures for the interpretation of genotypic stability and adaptability of crops, such as common bean (Carbonell et al. 2007 ), sugarcane (Bastos et al. 2007 ), cashew (Maia et al. 2009 ), eucalyptus , rice (Regitano Neto et al. 2013) , and cowpea (Torres et al. 2015 , Torres et al. 2016 ). However, they have not been used for breeding purposes in cotton. The aim of this study was to employ the mixed models methodology for simultaneous selection of cotton genotypes with greater length of fibers, adaptability and stability.
MATERIAL AND METHODS
It was evaluated lines derivative from cross between Guazuncho2 with Acala SJ4 of long fiber. Seeds were advanced from F 2 to F 4 . The genealogical selection procedure was used from the F 4 generation. In the latest generation, it was obtained 271 F 4 plants, and of these, 51 F 4:5 plants were selected with length ≥ 31 mm. Subsequently, in a greenhouse, it was selected 34 F 5 :F 6 lines with length ≥ 32 mm, which were evaluated and analyzed by Carvalho et al. (2015b) . In the remaining lines, it was selected only those with length ≥ 32 mm. These lines were evaluated in three trials located in Apodi-RN (under irrigation), in 2013 and 2014, and in Santa Helena-GO (without irrigation), in 2013, in a randomized block design with two replications.
The plot consisted of two 5m rows, spaced 0.80 m, totaling 60 plants per row. Cultural practices were normal for cotton crop, with the use of herbicide for weed control. Pest control was carried out according to the integrated management of pests recommended for the crop in the region. Length of fibers was evaluated in samples with 20 bolls per plot, using the High volume instrument device (HVI) of the Fibers Laboratory of Embrapa Algodão.
To evaluate the effect of G x E interaction, it was used the statistical model 54 (Model = elites cotton genotypes, multiple locations, multiple observations per plot) of the Selegen-Reml/Blup software (Resende 2007) . This model corresponds to y = Xb + Zg + Wc + e, in which y, b, g, c, and e correspond respectively to the fixed effects of data vectors (blocks means by environments), genotype effects (random), effects of genotype x environment interaction (random), and random errors; and X, Z and W = incidence matrices for b, g, and c, respectively. The assumed distributions and mean structures (S) and variance (Var) were: , in which C is the coefficient matrix of the mixed model equations; tr is the operator matrix trace; r(x) is the rank of the matrix X; N, q, s are the total number of data, the number of genotypes, and the number of genotype x environment combinations, respectively. By using this model, it was obtained empirical BLUP predictors (eBLUP or REML/BLUP) of the genotypic values free of interaction, given by μ + gˆi , in which μ is the mean of all environments, and gˆi is the genotypic effect free of genotype x environment interaction. For each environment j, genotypic values (Vg) are predicted by μ + gˆi + (gˆe) ij , in which μ j is the mean of the environment j; gˆi is the genotypic effect of genotype i on the environment j; and (gˆe) ij is the effect of genotype x environment interaction in relation to the genotype i.
Prediction of genotypic values that capitalize the mean interaction in different environments is given by μ j + gˆi + gˆe m , and is calculated by:
, in which μ is the overall mean of all environments; n is the number of environments;
and gˆi is the genotypic effect of the genotype i.
Harmonic mean values of the genotypic values (HMGV) for stability evaluation were obtained by the equation: , in which: n is the number of environments (n = 3) in which the genotype i was evaluated; Vg ij is the genotypic value of the genotype i on the environment j, expressed by the ratio of the mean in this environment. The values of the relative performance of the genotypic values (RPGV) for adaptability were obtained according to the expression: , in which M j is the mean of the fiber length in the environment j. Joint selection simultaneously considering seed length of fibers, stability and adaptability is given by the statistical harmonic mean of the relative performance of genotypic values predicted (HMRPGV): (Resende 2007 ). Thus, the genotypes with greater HMRPGV are those that simultaneously present greater length of fibers, adaptability and genotypic stability in the environments evaluated in this study.
RESULTS AND DISCUSSION
Coefficient of experimental variation (CV e ) was 3.20% (Table 1) , which is lower than those of other studies carried out with the cotton crop (Carvalho et al. 2015b , Carvalho et al. 2015c , Hoogerheide et al. 2007 ), which indicates excellent experimental precision. In another interpretation, the value obtained for CV g (4.76%) indicates that a considerable fraction of MSgenotypes was extracted from MStotal. Joint evaluation of CV g and CV e is reflected in the statistics r ggˆ (Resende and Duarte 2007) . The accuracy obtained (96%) shows excellent experimental quality, and thus safety and credibility in the selection of superior genotypes for the trait length of fibers.
Heritability of the genotypes means (ĥ 2 mg
) is estimated when using means of the blocks as evaluation and/or selection criteria (Resende 2007) . Thus, in the face of the values obtained (0.91), there is reliability in the selection of elite cotton genotypes, based on the predicted genotypic values. In the estimate of the broad-sense individual heritability (hˆ 2 g
), the total genetic dispersion is considered, which is relevant since in this research it was sought to explore all the genetic variance between cotton progenies. The variance of the genotypic effects (σ ) can inflate the phenotypic expression of a trait (Bastos et al. 2007 ). This measure quantifies the fraction of the total variation due to the G x E interaction. Small magnitude estimates of σ 2 c indicates that the G x E interaction little influences on phenotypic value (Maia et al. 2009 ). In this context, a genotype with greater length of fibers in an environment tends to maintain the same level in different environments, since this genotype responds favorably to environmental influences (high correlation between genotypic values across the sites), in addition to have high predictability in the face of environmental changes. Estimates of σ 2 c can be considered low, corresponding to 3.61% of the total phenotypic variability, which favors the achievement of extremely high phenotypic correlation (r gloc =0.95) among the environments.
Phenotypic value corresponds to the values obtained in the field evaluations, which are influenced by genotypic effect and effect of G x E interaction. In the latter, the sum of the genotypic variance, of the residual variance between plots, and of the variance of the G x E interaction results in , in which it was evaluated the effects of G x E interaction on cashew and eucalyptus clones, respectively, via mixed models, it was found that the residual variance between plots represented 66.58% of the individual phenotypic variance (the two works had the same ratio between the variances).
The mean genotypic correlation of the genetic material performance across the environment (r gloc ) indicates the ranking reliability of the best genotypes in the tested environments. In general, small changes were observed in the ranking of genotypes, due to the high magnitude of r gloc (0.95), and due to the high r ggˆ (0.96). This indicates the occurrence of simple fraction of G x E interaction, favoring the selection of genotypes with broader adaptation.
The genotypes CNPA 2012 -55, CNPA 2012 -58, CNPA 2012 -62 and CNPA 2012 showed the best gain estimates with selection in all environments ( Table 2 ). The genetic gains obtained with the selection of the genotypes were respectively: 19.29, 17.96, 15.78 and 14.98%. These genotypic values can also be considered for recommendation of these genotypes, which were selected in other environments with standard G x E interaction similar to those observed in this study. According to Maia et al. (2009) , this is because the method of mixed models penalizes predicted genotypic values. Thus, the same behavior of the genetic means (μ + gˆ) of the length of fiber is expected, when the aforementioned genotypes are subjected to environments with characteristics similar to those of this study. Table 2 shows that the genotypic value for the mean of environments (μ + ĝ) generated results similar to the methods in which adaptability (RPGV), adaptability and stability (HMRPGV) are simultaneously capitalized (Table 3 ). According to Maia et al. (2009) , the capitalization of the G x E interaction depends on the selection of genotypes for greater adaptability and stability to the evaluated environments. This criterion is repeated in the genotypes CNPA 2012 -55, CNPA 2012 -58, CNPA 2012 -62 and CNPA 2012 , selected by the genetic means free of interaction (μ + gˆ).This fact indicates that these genotypes presented adaptability and genotypic stability between the three environments analyzed, in addition to having high length of fibers, i.e., the maintenance of this trait across the different environments. These results corroborate those obtained by Maia et al. (2009 ), Regitano Neto et al. (2013 and Torres et al. (2016) , who verified the maintenance of the ranking of cashew clones, rice genotypes and cowpea, respectively, by genotypic value of methods for the mean of years (μ + gˆ), HMGV, RPGV and HMRPGV, attributing these results to genotypic correlation across sites (r gloc ), which was positive and of similar magnitude to those of study.
